L ineage-specific expansion, followed by functional diversification of key components that act in membrane trafficking, is thought to contribute to lineage-specific diversification of organelles and membrane trafficking pathways. Indeed, recent comparative genomic studies have indicated that specific expansion of RAB and SNARE molecules occurred independently in various eukaryotic lineages over evolutionary history. However, experimental verification of this notion is difficult, because detailed functional analyses of RAB and SNARE proteins uniquely acquired by specific lineages are essential to understanding how new membrane trafficking pathways may have evolved. Recently, we found that a plant-specific RAB GTPase, ARA6, and a plant-unique R-SNARE, VAMP727, mediate a trafficking pathway from endosomes to the plasma membrane in Arabidopsis thaliana. Although a similar endosomal trafficking pathway was also reported in animals, the molecular machineries acting in these trafficking systems differ between animals and plants. Thus, trafficking pathways from endosomes to the plasma membrane appear to have been acquired independently in animal and plant systems. We further demonstrated that the ARA6-mediated trafficking pathway is required for the proper salt-stress response of A. thaliana. These results indicate that acquisition of a new membrane trafficking pathway may be associated with maximization of the fitness of each organism in a lineage-specific manner.
Membrane trafficking is a key mechanism of protein transport among organelles in all eukaryotic organisms. In this system, sorting the correct cargo proteins into forming transport vesicles and accurately determining the target organelle are critical to maintaining efficient trafficking activities. RAB GTPase and SNARE are key components in regulating tethering and/or fusion between trafficking carriers and target membranes. GTP-bound (activated) RAB interacts with the effector proteins, some of which tether transport vesicles or organelles to the target membrane. Once tethered, one R-SNARE and three Q-SNAREs, which localize on transport carriers and the target membrane, respectively, form a tight complex to execute membrane fusion between the two membranes. 1 Each trafficking pathway involves a specific set of RAB and SNARE molecules, which confers specificity to the trafficking pathway. Some groups of RAB GTPases that function in core trafficking pathways (core RABs) are highly conserved among eukaryotic lineages, [2] [3] [4] suggesting that the trafficking pathways in which these RABs function may have existed in the common ancestor of all eukaryotic organisms. On the other hand, distribution of some groups of RAB members is sporadic or specific to certain lineages, suggesting lineage-specific secondary loss of the descendants of the common RAB, or acquisition of new RAB groups by gene duplication followed by functional diversification. [5] [6] [7] [8] [9] It has been suggested that the lineagespecific expansion of RAB GTPase is tightly associated with the acquisition of © 2012 Landes Bioscience.
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new trafficking pathways during evolution, 2 although how newly acquired RAB GTPases pioneer new trafficking pathways is almost completely unknown. It has been reported that plant RAB GTPases are diversified in a unique way. Among the distinguishing features in the organization of land plant RAB GTPases (which include an extraordinarily expanded number of RAB11 members and no RAB4 homolog), the existence of a plant-unique group of RAB GTPases, the ARA6 group, is a definitive characteristic. ARA6 group members harbor several characteristic structural features, although their primary amino-acid sequence is similar to metazoan RAB5 members. 1 For example, ARA6 members lack the carboxyl-terminal hypervariable region and the Cys motif that is known to be essential for membrane binding and correct localization of conventional RAB GTPases. Instead, ARA6-type RAB GTPases are anchored via fatty acylation at the N-terminus. 10 One ARA6-type (ARA6/RABF1) and two conventional-type (ARA7/RABF2b and RHA1/RABF2a) RAB5-related GTPases are encoded in the A. thaliana genome. Thus far, orthologs of ARA6 have been found in all land plants for which the genomes have been sequenced, including bryophytes and lycophytes. However, we did not find ARA6 homologs in unicellular green algae or other lineages outside of Plantae (some protists belonging to Apicomplexa also harbor specialized RAB5 homologs with characteristics somewhat similar to ARA6, but monophyly with the plant ARA6 group has not been supported by phylogenetic analyses). Thus, the ARA6-type RAB5 seems to have been newly acquired by the ancestor of land plants. However, it was unknown whether the two types of plant RAB5, the ARA6 group and conventional RAB5, are functionally differentiated and why only plants harbor these two RAB5 groups.
Studies during the last decade have provided some partial answers to these questions. As expected from the absence of the C-terminal Cys motif, ARA6 has been shown to detach from the membrane independently of the RAB GDP dissociation inhibitor (RAB GDI), 10 while ARA7 and RHA1 require RAB GDI for recycling between the membrane and the cytosol. On the other hand, all three RAB5-related GTPases in A. thaliana share a common activating factor, VPS9a.
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Immunoelectron microscopy studies indicated that both ARA6 and conventional RAB5s localize on the multivesicular endosomes (MVEs), 12 and direct comparison of their subcellular localization in the same cell using different colors of fluorescent proteins further demonstrated that ARA6 and conventional RAB5 localize on different populations of endosomes with considerable overlap. 13 The difference in localization of the two types of RAB5 should reflect differences in their functions. Overexpression of ARA6 and ARA7 conferred different effects on a partial loss-offunction mutant of VPS9a in a consistent manner. 11 Functional analysis by overexpressing dominant-negative mutants of conventional RAB5s indicated that ARA7 and RHA1 function in endocytic and vacuolar trafficking pathways. [14] [15] [16] However, similar experiments using mutant ARA6 yielded varying results, 16, 17 and the precise function of ARA6 is still not clear.
In addition to RAB GTPases, SNARE genes are also diversified in a unique way in plants. 18 One of the distinguishing features of plant SNAREs is expanded VAMP7 members; of these, VAMP727 of A. thaliana encodes an R-SNARE with unique structural characteristics.
1 VAMP727 has an approximately 20-amino-acid insertion in the N-terminal longin domain and resides on RAB5-positive endosomes under steady-state conditions. 19 Close homologs of VAMP727 have been found only in seed plants, suggesting that it functions in a newly pioneered trafficking pathway in seed-plant cells.
The colocalization of VAMP727 with RAB5 members on endosomes suggests that VAMP727 contributes to transport pathways between endosomes and other organelles, which may be regulated by RAB5 members. We have found that VAMP727 consistently mediates membrane fusion between endosomes and the vacuole by forming a complex with three Q-SNAREs, SYP22, SYP5 and VTI11. This complex formation is essential for the development and desiccation tolerance of seeds. 20 An attractive hypothesis can be made based upon this function of VAMP727: VAMP727 acquired by ancestral seed plants may have allowed for the selection of vacuolar trafficking pathways that were better able to accommodate the evolution of seeds, which require the transport of vast amounts of proteins to the vacuole.
We expected that the plant-unique RAB GTPase ARA6 would act in trafficking pathways uniquely acquired by plants; thus, we made this our next research target. We first investigated ARA6 functions by genetic analyses using loss-offunction mutants of A. thaliana. We collected putative knockout mutants for all three RAB5 members of A. thaliana and established homozygous lines after backcrossing several times. We expected that ara6 mutants would exhibit a visible phenotype; however, all of the single mutants exhibited phenotypes that were indistinguishable from wild-type plants when grown under normal growth conditions. Thus, we decided to look for interesting genetic interactions between RAB5 genes and other endosomal/vacuolar function-related genes. We constructed various combinations of multiple mutants by crossing rab5 and endosomal/vacuolar SNARE mutants or RAB-related mutants and found some unexpected and intriguing genetic interactions between RAB5 and SYP22, a VAM3 homolog encoding a vacuolar Q-SNARE. Mutations in conventional RAB5 genes enhanced syp22-1 phenotypes, which is consistent with previous results showing that conventional RAB5s function in the transport pathway from endosomes to the vacuole (Fig. 1) . 15, 16 In sharp contrast, the mutations in ARA6 almost completely suppressed the phenotypes of syp22-1 (Fig. 2) . This genetic interaction demonstrates that ARA6 and conventional RAB5 regulate different transport pathways from endosomes; these respective pathways seem to act counter to one another. Constitutively active mutants of RAB5s exhibited different localization patterns in a consistent manner; constitutively active ARA7 and RHA1 accumulated only at vacuolar and endosomal membranes, but constitutively active ARA6 was also targeted to the plasma membrane. Thus, ARA6 may mediate the trafficking pathway from endosomes to the plasma membrane, whereas conventional RAB5 acts only in the pathway to the vacuole. What downstream events might ARA6 regulate at the plasma membrane? In our search for an answer, we witnessed a dramatic encounter between two plantunique trafficking proteins, ARA6 and VAMP727.
It is generally accepted that GTP-bound RAB promotes tethering of transport carriers to the target organelles, after which SNARE proteins execute the membrane fusion. Thus, we expected that the amount of SNARE complex functioning downstream of ARA6 would be decreased in the ara6 mutant. In the course of endosomal SNARE pairing by coimmunoprecipitation, we found that VAMP727 also forms a complex with a plasma membrane Q-SNARE, SYP121, indicating participation of VAMP727 in membrane fusion at the plasma membrane in addition to the vacuolar membrane. The function of VAMP727 at the plasma membrane was also demonstrated by total internal reflection fluorescence (TIRF) microscopy and pharmacological analysis; inhibition of endocytosis by wortmannin or Tyrphostin A23 resulted in the accumulation of VAMP727 at the plasma membrane. In the ara6 mutant, the amount of SNARE complex containing VAMP727 and SYP121 was specifically reduced, whereas the vacuolar SNARE complex containing VAMP727 and SYP22 was unaffected. Thus, ARA6 is required for efficient SNARE complex formation (and membrane fusion) at the plasma membrane. Overexpression of constitutively active ARA6 increased the amount of VAMP727-SYP121 complex in a consistent manner. Thus, the plant-unique RAB5 ARA6 and plant-unique R-SNARE VAMP727 act in the same trafficking pathway in A. thaliana: a trafficking pathway from endosomes to the plasma membrane (Fig. 1) . Currently available genome information suggests that these two molecules were likely acquired independently during plant evolution; ARA6 seems to have emerged in the common ancestor of land plants, while VAMP727 homologs have been identified only in seed plants thus far. An interesting question is how these molecules were recruited to the same trafficking pathway during land plant evolution (it is still possible that future genome analyses will reveal a more ancient origin for VAMP727).
The plant-unique nature of ARA6 and VAMP727 suggests that the trafficking pathway mediated by these proteins is involved in a plant-unique function. What, then, might this plant function be? A close homolog of ARA6 was isolated as a salt-responsive gene in the common ice plant Mesembryanthemum crystallinum. 21 Furthermore, ARA6-type RAB5 in rice root cells was reported to be secreted to the apoplast in response to salinity stress. 22 In A. thaliana, we found that loss of function of ARA6 impaired normal saltstress tolerance and overexpression of constitutively active ARA6 elevated resistance to salinity stress (Fig. 3) . 23 Recently, we found that transgenic plants expressing constitutively active ARA6 also exhibited improved tolerance to high-sorbitol stress (Fig. 3) . Thus, the ARA6 pathway is not specifically required for the salinity-stress response, but it could play more general roles in response to abiotic stresses, which plants encounter in terrestrial environments.
An important future question to consider is what cargos the ARA6-dependent pathway transports under salinity-and/or osmotic-stress conditions. Under salinitystress conditions, constitutively active ARA6 forms aggregates at subdomains in the plasma membrane (Fig. 4) . This distinctive localization strongly suggests that ARA6 is involved in the formation of specialized subdomains in the plasma membrane in response to stress conditions. These ARA6-positive domains could be the interface responsible for sensing or detoxification of osmotic and/or salinity stress. Purification of this specialized plasma membrane domain followed by identification of the other resident proteins would be an effective strategy for identifying cargos of the ARA6-mediated trafficking pathway. Known salt stress-related proteins could be also candidates for the cargos. For example, salt overly sensitive 1 (SOS1) encodes a plasma membrane Na + /H + antiporter, which is closely associated with salt resistance; SOS1 expression is elevated by salt stress and overexpression of SOS1 confers salinity-stress tolerance. 24, 25 Another SOS gene, SOS6, encodes a cellulose synthase-like protein, AtCSLD5; the atcsld5 loss-of-function mutant exhibits phenotypes similar to those of the ara6 mutant. 26 The interactions between these proteins and the ARA6-dependent trafficking pathway should be explored. ARA6 could also fulfill some regulatory roles at the plasma membrane in a more direct way. SYP121, a binding partner of VAMP727 whose assembly is regulated by ARA6, has been shown to interact with a regulatory K + channel subunit to regulate K + flux. 27 A modulatory role of ARA6 in the assembly of SYP121 and VAMP727 into the complex could have a regulatory effect upon the stress response by controlling K + channel activity at the plasma membrane. [27] [28] [29] As mentioned above, ARA6, a uniquely acquired RAB GTPase, was recruited to the endosome-to-plasma membrane trafficking pathway in plant cells. Similar trafficking pathways also exist in animal cells, but the machinery components involved in these pathways differ between plant and animal systems. 30 Thus, similar trafficking pathways seem to have been acquired independently in these lineages. Further analysis of ARA6 function, as well as identification and functional analysis of effector molecules of ARA6 and comparative functional analysis using other land plant species, including crops and basal land plant lineages, will reveal how this newly acquired RAB GTPase pioneered a new trafficking pathway and how novel physiological roles were assigned to this new trafficking pathway during land plant evolution.
